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14 ABSTRACT
15 The formation, characterization, photo-protective properties and release profiles of folic acid-
16 loaded nanolaminated films were investigated by UV-visible spectroscopy, FTIR, Raman and 
17 SEM microscopy. Food-grade alginate/chitosan nanolaminates were obtained by the layer-by-
18 layer technique and folic acid (FA) was incorporated by post-diffusion. The FA concentration of 
19 loading solutions and immersion time significantly affected the FA content in nanolaminates. 
20 The maximum FA loading was reached using FA solutions at 10 mg/mL for 30 min (54.4 
21 μg/cm2), or 12.5 mg/mL for 120 min (≈ 70 μg/cm2). Nanolaminates containing FA were more 
22 stable under ultraviolet light exposure than non-encapsulated FA. The rate and concentration of 
23 FA released from nanolaminates were greater at buffer pH 7 than at pH 3, which might play a 
24 key role in the delivery and bioavailability of nutraceuticals. These results provide important 
25 information for the design of nanolaminates containing hydrophilic active compounds for food 
26 applications. 
27 KEYWORDS: edible nanolaminates, layer-by-layer, folic acid, delivery systems, controlled 
28 release, photo-protection
29
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30 1. INTRODUCTION
31 Folic acid, also known as vitamin B9, is an essential component of a healthy human diet (Saini 
32 et al., 2016). This micronutrient plays a crucial co-factor role in one-carbon metabolism, 
33 participating in the formation of DNA and maintaining the rate of cell division. It has been 
34 reported that an inadequate folate status increases the risk of neural tube birth defects (such as 
35 spina bifida), megaloblastic anemia, cardiovascular diseases and some types of cancer (Jennings 
36 and Willis, 2015). Chemically, folic acid consists of a pteridine ring bound to a para-
37 aminobenzoic acid with a glutamate tail. It is highly soluble in aqueous media and alkaline 
38 conditions (Matias et al., 2014). However, the photo-degradation of folic acid takes place in 
39 presence of UV radiation, leading to the molecule breakdown into a pteridine ring and a p-
40 aminobenzoic acid linked to the polyglutamate tail, and these photoproducts are biologically 
41 inactive (Delchier et al., 2016). This means that the incorporation of folic acid into foodstuffs is 
42 restricted to certain applications, and generally, large concentrations have to be used in foods to 
43 assure a health-promoting effect. Therefore, the folic acid entrapment into food-grade delivery 
44 systems might be a promising alternative to improve its stability and functional performance in 
45 a wider range of food products.
46 Over the past few years, the layer-by-layer (LbL) assembly technique has been exploited in the 
47 pharmaceutical and biomedical sector bringing about a considerable number of applications 
48 (Boddohi et al., 2010; Hernandez-Montelongo et al., 2016). The assembly technique is a simple 
49 and cost-effective strategy to functionalize any type of substrate consisting on the alternate 
50 deposition of oppositely charged species on a charged surface (Cerqueira et al., 2014). Although 
51 the LbL method has been scarcely studied in the food sector, its application may offer several 
52 advantages. For instance, edible nanolaminates, defined as very thin coatings of food-grade 
53 materials (e.g. polysaccharides or proteins) obtained by the LbL method, can be formed onto a 
54 food surface or food contact material. Using the LbL approach, the nanolaminates properties 
55 such as thickness, water vapor resistance, oxygen barrier and mechanical properties, and surface 
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56 characteristics can be fine-tune by controlling the number of layers adsorbed, the type of 
57 materials adsorbed, the adsorbing solution conditions, or the terminal layer composition 
58 (Klitzing and Klitzing, 2006). Probably one of the most attractive features of nanolaminates for 
59 their application of the food sector is their potential capability of carrying active compounds 
60 including nutraceuticals, antimicrobials, antioxidants, anti-browning agents, enzymes, flavors or 
61 colorants (Durán and Marcato, 2013). From a practical viewpoint, nanolaminates might be 
62 applied as edible coatings to prolong the shelf life of foods (Souza et al., 2015). Alternatively, 
63 conventional packaging materials can be coated by nanolaminates to modulate their 
64 physicochemical and mechanical properties (Denis-Rohr et al., 2015).
65 Alginate is a copolymer of 14 linked β-ᴅ-mannuronic acid and α-ʟ-guluronic acid residues 
66 obtained from marine brown algae. In aqueous media, the carboxyl groups of alginate are 
67 ionized, conferring a negative electrical charge to the polymeric chains (Draget, 2009; Pawar 
68 and Edgar, 2012). Chitosan, a cationic linear polymer composed of β-(1−4)-2-acetamido-D-
69 glucose and β-(1−4)-2-amino-D-glucose units. It is the deacetylated form of chitin, which is 
70 typically found in the exoskeleton of crustaceans and fungal wall cells (Shukla et al., 2013). The 
71 solubility of chitosan occurs in acid media, where amino groups are protonated and the 
72 polysaccharide is converted into a cationic polyelectrolyte (Rinaudo, 2006). Recent studies 
73 reported the formation of food-grade nanolaminates from alginate and chitosan (Acevedo-Fani 
74 et al., 2015; Carneiro-da-Cunha et al., 2010). These systems might also contain hydrophilic 
75 nutraceuticals (such as folic acid), representing a promising alternative to fortify food products. 
76 As far as we are concerned, there is a lack of scientific evidence about the development of 
77 edible nanolaminates containing hydrophilic nutraceuticals. The assessment of the loading and 
78 release processes of the entrapped substance from nanolaminates deposited on a template can 
79 give a close approximation of their behavior in real foods. Therefore, the objective of this 
80 research work was to form and characterize alginate-chitosan nanolaminates containing folic 
81 acid and to evaluate their loading and release behavior, as well as their ability to protect the 
82 vitamin from photo-degradation.
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83 2. MATERIALS AND METHODS
84 2.1. Materials
85 Sodium alginate Manucol® DH was purchased from FMC Biopolymers Ltd. (Scotland, U.K.). 
86 According to the manufacturer, the molecular weight of alginate is between 160 and 250 kDa, 
87 whereas the ratio of mannuronic to guluronic acid (M:G) is approximately 60-70% and 30-40%, 
88 respectively. Chitosan of high molecular weight with deacetylate degree > 75%, and powdered 
89 folic acid (FA) were obtained from Sigma Aldrich (Steinheim, Germany). Lactic acid (80–90%) 
90 and sodium hydroxide (NaOH) were purchased from Sharlau Chemie (Barcelona, Spain). 
91 Sodium chloride (NaCl) was obtained from Afora (Barcelona, Spain). Film substrates, Quartz 
92 slides (Suprasil® 300) and polyethylene terephthalate (PET) sheets (6 x 2 cm) were obtained 
93 from Hellma Analytics (Müllhein, Germany) and Isovolta (Barcelona, Spain), respectively. All 
94 solutions were prepared with deionized water obtained from a Milli-Q system (18,2 mΩ, 
95 Millipore).
96 2.2. Preparation of polysaccharide solutions
97 Alginate solutions were prepared by dissolving 0.5% w/v of powdered sodium alginate in 
98 deionized water overnight to ensure complete hindrance. Chitosan, at 0.5% w/v was dissolved 
99 in lactic acid solution (1% v/v) by stirring overnight. Then, both polysaccharide solutions were 
100 mixed with the amount of NaCl required to reach a concentration of 0.2 M. Finally, the amount 
101 of lactic acid (80-90%) or NaOH (1M) necessary to adjust the pH of alginate and chitosan to 5 
102 and 4 was added to the solutions. These parameters were set out from preliminary experiments 
103 that proved the successful formation of nanolaminates by electrostatic interactions. Rinse 
104 solutions consisted of 0.2 M NaCl solutions at pH 5 (for alginate) or 4 (for chitosan).
105 2.3. Alginate-chitosan nanolaminates buildup
106 First, the surface of PET sheets and quartz slides was positively charged by aminolysis, 
107 following the procedure described in a previous work (Acevedo-Fani et al., 2015). For the layer-
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108 by-layer buildup, positively charged substrates were firstly dipped in anionic alginate solution 
109 for 10 min. This was followed by two washing steps with water for 2 min, to remove the excess 
110 of unbound polysaccharide chains. The pH and ionic strength of washing solutions matched 
111 with the previous polysaccharide solution. Negatively charged substrates were further 
112 submerged in cationic chitosan solutions for 10 min, and then washed twice with water at the 
113 same solution conditions of the previous polysaccharide. All solutions remained under agitation 
114 at 30 rpm. This procedure was repeated alternating the polysaccharides deposition to a final 
115 number of 20 layers. The resulting nanolaminates were then dried at room temperature (25ºC) 
116 and stored in a desiccator with silica.
117 The buildup of alginate-chitosan layers in quartz slides was monitored using a V-670 UV-
118 visible-NIR spectrophotometer (Jasco Corporation, Tokyo, Japan) containing a film holder 
119 accessory (FLH-740, Jasco Corporation, Tokyo, Japan). Absorbance spectra of quartz slides 
120 were collected after deposition of a pair of layers. Infrared spectroscopy (FTIR) was used to 
121 assess the presence of alginate and chitosan functional groups in the coated PET sheets. Spectra 
122 were collected on a FT/IR-6600 spectrophotometer (Jasco Corporation, Tokyo, Japan) fitted 
123 with an ATR cell. All measurements were performed in triplicate.
124 2.4. Loading of folic acid to nanolaminates 
125 The FA loading into nanolaminates was performed using the post-diffusion method, as 
126 described in a previous study for drug loading in layer-by-layer assemblies (Jiang, Bingbing Li, 
127 2009). Through this method, small active molecules can be easily loaded within the 
128 nanolaminates by their diffusion and immobilization in the binding sites inside the structure. To 
129 study the effect of the solution concentration on the FA loaded to nanolaminates, coated quartz 
130 slides were submerged in FA solutions at different concentrations (1-12.5 mg/mL) during 30 
131 min, and then washed with water to remove the compound excess on the surface. This fixed 
132 immersion time was selected from preliminary assays carried out for obtaining a sufficiently 
133 high FA load in the nanolaminates that would allow its quantification. Samples were dried at 
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134 room temperature. The loading process of FA to nanolaminates was confirmed by measuring 
135 the absorbance in the UV-Visible range. To determine the total FA loading, samples were 
136 sonicated in a pH 9 phosphate buffer solution for 30 min. This procedure was repeated until 
137 absorption peaks of FA disappeared from spectra. Absorbance of sonicated solutions (with the 
138 FA extracted from nanolaminates) was measured at 364 nm, and the concentration of FA was 
139 calculated from a calibration curve (0.5-10 μg/mL - R2 0.995126). The effect of immersion time 
140 on the loading process of FA to nanolaminates was carried out dipping coated substrates in FA 
141 solutions at a fixed concentration (12.5 mg/mL) for different times (1-240 min). The FA 
142 concentration used in the loading solutions allowed a reliable vitamin quantification in all the 
143 immersion times. The total FA loading was analyzed following the above-mentioned procedure. 
144 Measurements were carried out in triplicate.
145 2.5. Release of folic acid from nanolaminates
146 The release profiles of FA from nanolaminates were assessed using a modified method 
147 previously reported by other authors (Shukla et al., 2012). Nanolaminates assembled in PET 
148 sheets (0.7 x 2 cm) were loaded in 12.5 mg/mL FA solutions for 30 min for the release 
149 experiments. Each PET sheet was immersed in 2 ml of phosphate-citrate buffer solutions at pH 
150 3 or 7, for 7 h at 37ºC. These pH values were selected in order to mimic the alkaline and acid 
151 conditions in the gastrointestinal tract. At predetermined times, buffer solutions were removed 
152 and stored in ice under darkness for further analysis, and 2 ml of fresh buffer were added. The 
153 buffer solutions containing FA released at pH 7 were directly analyzed by UV-visible 
154 spectroscopy at 347 nm. The buffer solutions with FA released at pH 3 were adjusted to pH 7 
155 using 1.2 ml of 1 M sodium phosphate, and absorbance was then measured at 347 nm. The FA 
156 concentration released at each time was quantified through a calibration curve of FA solutions at 
157 pH 7 (0.5-10 μg/mL - R2 0.991046). Each sample extracted from a vial represents the FA 
158 released from nanolaminates at a particular time rather than a cumulative amount released 
159 during the entire release period. Measurements were performed in triplicate.
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160 2.6. Photo-stability of folic acid-loaded nanolaminates
161 The stability of FA encapsulated into nanolaminates was evaluated under UV lighting exposure 
162 using a method previously published, with some modifications (Aceituno-Medina et al., 2015). 
163 PET sheets (0.7 x 2 cm) coated by FA-loaded nanolaminates (FA concentration ≈ 91 µg/ml) and 
164 FA solutions (91 µg/ml) at pH 9 were placed below an UV light lamp (Osram Ultra-vitalux, 300 
165 W) for 120 min, to accelerate folic acid degradation. The distance between lamp and samples 
166 was 20.5 cm. At certain irradiation times, FA-loaded nanolaminates were taken off from the 
167 lamp and submerged in 2 ml of phosphate buffer solution pH 9. Samples were sonicated for 30 
168 min at room temperature. Degradation of folic acid was determined by changes in absorbance 
169 spectra of FA solutions using a UV-Visible-NIR spectrophotometer (Jasco Corporation, Tokyo, 
170 Japan). Measurements were carried out in triplicate.
171 2.7. Microstructure
172 Microstructural examinations were performed using a J-6510 Scanning Electron Microscope 
173 (JEOL Ltd., Tokyo, Japan). PET sheets coated by nanolaminates were placed on aluminum 
174 stubs and treated with carbon prior to microscopic observations. Samples were analyzed with an 
175 acceleration voltage of 5 kV.
176 2.8. Raman Analysis 
177 Micro-Raman determinations of powdered FA and FA-loaded nanolaminates were carried out in 
178 a Jobin-Yvon LabRam H800 system (HORIBA Scientific, Kyoto, Japan), equipped with an 
179 Olympus BXFM optical microscope (objective 50x) and a CCD detector cooled at -70 ºC. The 
180 excitation source was a diode laser at 785 nm. The focused laser beam diameter was about 2 μm 
181 and the spectral resolution 2.5 cm-1. Measurements were performed in duplicate.
182 2.9. Statistical analysis
183 One-way analysis of variance (ANOVA) was performed using the statistical and graphing 
184 software SigmaPlot 11.0 Windows package (Systat software Inc.). The Holm-Sidak method was 
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185 applied to determine significant differences among mean values at 5% of significance level. All 
186 results are presented as the average results and standard deviations. 
187 3. RESULTS AND DISCUSSION
188 3.1. Alginate-chitosan nanolaminates buildup
189 The UV-visible spectra of the coated quartz slides as a function of the number of layers are 
190 shown in Fig. 1. Absorbance was measured in every bilayer since chitosan has two 
191 chromophore groups (N-acetyl-glucosamine and glucosamine residues) in the far-UV region 
192 (Kumirska et al., 2010). The optical density increased with the number of assemblies, 
193 suggesting that the amount of material adsorbed was proportional to the number of layers. This 
194 confirmed the successful formation of alginate-chitosan nanolaminates. Interestingly, spectra 
195 did not exhibit any absorption peak from the second to the eighth layer, whereas a further 
196 increase in the number of layers revealed a peak at 195 nm that corresponded to N-acetyl-
197 glucosamine and glucosamine. It is likely that the concentration of these molecules in 
198 nanolaminates was below the limit of detection in assemblies of less than twelve layers, thus 
199 explaining the absence of adsorption peaks. 
200 On the other hand, the formation of nanolaminates on PET sheets was also confirmed by 
201 infrared spectroscopy (Fig. 2). The bands observed in PET spectra were in good agreement with 
202 results previously reported by other authors, where polyesters have three intense bands (Roger 
203 et al., 2010). These bands were located at 1721 cm-1, 1245 cm-1 and 1100 cm-1, owing to the 
204 C=O, C-C-O and O-C-C stretching vibrations of aromatic ester groups, respectively. After 
205 assembling alginate and chitosan layers on PET sheets, these bands disappeared resulting in 
206 new ones mostly located at the fingerprint zone. For instance, the band at 1410 cm-1 corresponds 
207 to the symmetric stretching vibrations of carboxyl (COO-) groups of alginate molecules (Kumar 
208 et al., 2015). Two intense bands characteristics of the skeletal vibrations of saccharine rings in 
209 both chitosan and alginate molecules were observed at 1030 cm-1 and 1080 cm-1, corresponding 
210 to C-O and C-O-C asymmetric stretching vibrations, respectively (Alves et al., 2009; Lawrie et 
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211 al., 2007). Some distinctive bands of chitosan were also found in nanolaminates spectrum. 
212 Bands at 1650 cm-1 (N-H-C=O stretching vibrations of amide I), 1515 cm-1 (amide II stretching, 
213 N-H bending vibrations or symmetric NH3+ deformation) and 1150 cm-1 (asymmetric C-O-C 
214 and C-N stretching vibrations) were particular of chitosan molecules (Aston et al., 2015). 
215 Changes in the PET infrared spectra containing the alginate-chitosan assemblies indicated the 
216 surface modification of the substrate, and hence the presence of nanolaminates.
217 3.2. Loading capacity of folic acid in nanolaminates
218 The entrapment of FA molecules into nanolaminates was carried out by post-diffusion. UV-
219 visible spectra of alginate-chitosan assemblies before and after FA entrapment are shown in Fig. 
220 3. Inset plot presents the UV-visible spectrum of a FA solution at pH 9. Before submerging 
221 nanolaminates in FA solutions, a single absorption peak at 195 nm was observed corresponding 
222 to chitosan molecules. After FA was loaded in nanolaminates, two new absorption peaks were 
223 observed at 295 nm and 373 nm. These peaks were distinctive of the FA solution, but appeared 
224 at 283 nm and 364 nm due to the presence of the heteroaromatic pterine chromophore, as 
225 reported previously by other authors (Choy et al., 2004; Matias et al., 2014). New peaks in the 
226 spectrum indicated the presence of FA and the swift toward greater wavelength might be 
227 probably ascribed to the presence of FA aggregates formed in nanolaminates during drying 
228 (Karukstis et al., 2002). After FA loading process, nanolaminates became yellowish and this 
229 color remained even after numerous washes with water, which suggest that FA was 
230 immobilized. 
231 The loading process of small molecules (e.g. folic acid) into layer-by-layer assemblies is 
232 governed by a number of intrinsic properties, including the degree of swelling, 
233 hydrophilic/hydrophobic balance, dissociation constants, surface charge density and pore size of 
234 nanolaminates. The properties of small molecules, such as size, charge and hydrophilicity play 
235 an important role (Burke and Barrett, 2004). In this study, incorporation of FA was performed 
236 under alkaline conditions (buffer pH 9). In this environment, free amino groups in chitosan 
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237 chains are less ionized (pKa ≈ 6.3) within the nanolaminated structure, whereas the carboxyl 
238 groups in alginate molecules have a strong electrical charge (pKa ≈ 3.65). Moreover, FA 
239 molecules behave as weak acids in alkaline solutions, having a negative charge (ζ-potential ≈ -
240 34 mV, pH 9). Therefore, it was postulated that the mechanism of FA loading may have been 
241 governed by hydrogen bounding rather than ionic crosslinking between the active compound 
242 and polysaccharide layers. In alkaline conditions, there is not sufficient electrostatic interactions 
243 between cationic chitosan and anionic FA to promote ionic binding. The fact that 
244 polysaccharide-based nanolaminates have a great swelling capacity play a key role in the 
245 loading of small molecules induced by H-H bounds. The presence of a large hydrogen binding 
246 sites in nanolaminates creates more free volume for storage. This also allow small molecules 
247 moving within the structure, thus avoiding undesirable electrostatic forces and finding sites for 
248 more favorable non-electrostatic interactions (Burke and Barrett, 2004). In fact, a previous study 
249 have demonstrated the high swelling capacity of alginate-chitosan nanolaminates, where the 
250 film thickness in wet state can be two times greater than in dried state (Caridade et al., 2013). 
251 Thereby, the great loading capacity of FA in alginate-chitosan nanolaminates could be 
252 associated to the high degree of swelling in aqueous solutions. In concordance with this 
253 postulation, the loading mechanism of small molecules to alginate-chitosan assemblies has been 
254 previously reported using hydrophilic small drug molecules (Li et al., 2014). 
255 Moreover, the kinetics of FA absorption in nanolaminates were evaluated as a function of the 
256 FA concentration in loading solutions as well as the immersion time (Fig. 4). The FA 
257 concentration obtained after the complete extraction from nanolaminates is shown in Fig. 4A. 
258 When the concentration of FA in the immersion solutions was 1 mg/mL and 2.5 mg/mL, only a 
259 slight increase from 9.8 to 11.6 μg/cm2 in the FA concentration encapsulated in nanolaminates 
260 was observed. However, a logarithmic upsurge in the concentration of encapsulated FA up to 
261 53.3 μg/cm2 was found when increasing the concentration of FA to 7.5 mg/mL in immersion 
262 solutions. Interestingly, when the loading process was carried out using more concentrated FA 
263 solutions, the amount of FA entrapped did not increase significantly (54.4 μg/cm2). Therefore, 
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264 the initial concentration of the immersion solution has a remarkable impact on the final amount 
265 of active ingredient immobilized within the nanolaminated structure. 
266 The impact of increasing the immersion time in the loading capacity of nanolaminates was 
267 investigated using FA solutions with a fixed concentration (12.5 mg/mL). Results can be 
268 observed in Fig. 4B. The FA loading rate to nanolaminates exhibited a logarithmic behavior 
269 characterized by a fast rise in the FA concentration (≈ 57 μg/cm2) during the first 30 min, and 
270 then a slow loading process reaching 70 μg/cm2 after 120 min. The process followed a plateau 
271 until 240 min. This result indicates that the maximum loading capacity of FA to nanolaminates 
272 is achieved at 120 min.
273 3.3. Microstructure of nanolaminates
274 Changes in the morphology of alginate-chitosan assemblies incorporating FA were examined by 
275 SEM (Fig. 5). The topography dramatically changed in nanolaminates with or without FA, as 
276 shown in Fig. 5A and 5B. The surface of nanolaminates without FA exhibited a pronounced 
277 roughness, which was attributed to globular structures composed by chitosan, which was the last 
278 polysaccharide adsorbed in the nanolaminates. In addition, this surface also presents uncoated 
279 zones identified by their smoother appearance that were ascribed to the alginate layer located 
280 below the chitosan layer. Highly irregular surfaces may contribute to increase the loading of 
281 small molecules to nanolaminates, since a rough topography has greater surface area than an 
282 even one. Hence, a large surface area results in more binding sites potentially available to 
283 encapsulate small molecules (Zhang et al., 2005), such as FA. Therefore, it is likely that the 
284 microstructure of alginate-chitosan nanolaminates may have a significant contribution in the 
285 loading process of folic acid. 
286 The initial topography of nanolaminates dramatically changed after immersion in FA solutions, 
287 becoming in a rather smooth surface (Fig. 5B). Changes in the microstructure suggested a 
288 molecular reorganization in the polysaccharide layers due to the FA binding and the film 
289 swelling during the loading process. SEM images also revealed a stratified structure in the 
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290 internal section of nanolaminates, which was much more evident FA-loaded nanolaminates 
291 (Fig. 5C and 5D). The estimated film thickness obtained was around 2.96 μm in nanolaminates 
292 without FA, whereas the incorporation of FA apparently led to a slight reduction of thickness 
293 (2.9 μm). This is reasonable considering that the overall structure of nanolaminates was more 
294 homogeneous when it contained encapsulated FA.
295 3.4. Raman analysis
296 The presence and distribution of FA along the nanolaminated structure was examined by Raman 
297 Spectroscopy and results are shown in Fig. 6A. The spectrum of alginate-chitosan 
298 nanolaminates containing FA presented a small peak at 680 nm that it was also typical in the 
299 spectrum of powdered FA. This peak was attributed to the C-N and C-C stretching vibrations of 
300 the pteridine ring and p-aminobenzoic acid fragment in the FA molecule, respectively (Castillo 
301 et al., 2015). Therefore, the presence of FA in alginate-chitosan assemblies could be also 
302 confirmed by this technique. The distribution of FA along the nanolaminate structure was also 
303 studied. A cross section of a PET sheet coated by 20-layer nanolaminates that contained FA was 
304 examined by Raman spectroscopy monitoring changes in the intensity peak at 680 nm (Fig. 6B). 
305 Measurements were recorded linearly from a zero point to 1000 um far. The measurement 
306 points were located in the middle of the nanolaminate area analyzed, in order to minimize the 
307 influence of PET in the spectrum. Results indicated that the intensity patterns scarcely changed, 
308 suggesting that FA was distributed homogeneously within nanolaminate in this particular 
309 section.
310 3.5. Photo-stability of the encapsulated folic acid 
311 Fig. 7 shows absorbance spectra of FA in solution and encapsulated within nanolaminates after 
312 UV irradiation. Initially, FA solutions were characterized by two main narrow peaks at 283 nm 
313 and 364 nm owing to the pteridine moieties and p-aminobenzoic glutamate moieties. This 
314 adsorption profile partially changed after 20 min of irradiation, observing a broad peak between 
315 310 nm and 374 nm. Moreover, the FA spectrum dramatically changed after 120 min, being the 
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316 most representative absorption peaks eliminated, and hence suggesting a chemical degradation 
317 of the vitamin. These results are in good agreement with published studies regarding the photo-
318 stability of FA, where the vitamin was very light sensitive (Liang et al., 2013). The FA 
319 molecule is decomposed by UV light into biologically inactive products. The main 
320 photoproducts found after UV irradiation are 6-formylpterin (FPT) and pterine-6-carboxylic 
321 acid (PCA) (Off et al., 2005). FPT has adsorption peaks at 278, 310 and 365 nm, whereas PCA 
322 is identified by two peaks at 290 and 350 nm. The increasing concentration of PCA and FPT in 
323 FA solutions gives rise to wider peaks in the absorbance spectrum. On the other hand, UV-
324 visible spectra of nanolaminates containing FA did not exhibit remarkable changes, preserving 
325 the distinctive peak of FA after being irradiated during 120 min. Therefore, it could be 
326 confirmed that FA was more stable encapsulated in alginate-chitosan assemblies than in the 
327 non-encapsulated form when it was exposed to UV lighting. This feature may be particularly 
328 important in foods fortification with FA and for the design of functional foods.
329 3.6. Release behavior of folic acid from nanolaminates
330 The FA released from nanolaminates was investigated by UV-visible spectroscopy and results 
331 are shown in Fig. 8. To assess the possible influence of pH on the vitamin release, 
332 nanolaminates were incubated under different pH conditions that would mimic those found in 
333 the gastrointestinal tract (GIT). Most nutraceuticals including FA, are mainly adsorbed in the 
334 small intestine where pH values are alkaline. However, to achieve a successful nutraceutical 
335 delivery, several hurdles along the GIT should be surpassed, such as acid pH conditions, 
336 temperature, interactions with enzymes, etc. This factors may compromise the nutraceutical 
337 stability before reaching the adsorption site where it should be eventually released. In this study, 
338 it was observed that FA could be effectively protected from photo-degradation by its entrapment 
339 into the edible nanolaminates. Therefore, it could be expected that these nanolaminated 
340 structures would also exhibit a protective effect in GIT, or that they have the ability to control 
341 FA release when the surrounding conditions change. 
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342 At pH 3, only 22 % of FA was released after 7 h, whereas a complete release was observed at 
343 pH 7. In the latter case, the profile was characterized by a faster release of 88 % during the first 
344 hour, followed by a slower release until the seventh hour of incubation. To a lesser degree, 
345 release profiles at pH 3 also exhibited a fast FA release initially, and then it reached a plateau. 
346 Previous findings demonstrated that changes in pH conditions have an impact on the release of 
347 small molecules. The release is normally biphasic. During the first hour, an initial burst release 
348 occurs driven by an excess of entrapped compound on the surface of nanolaminates. After this 
349 stage, the concentration of the compound within alginate-chitosan assemblies decreases, 
350 reducing the concentration gradient, and hence the FA release (Anandhakumar et al., 2016).
351 The differences observed in the rate and extent of FA released from nanolaminates might be 
352 affected by the differences in folic acid solubility at the pH conditions used for this study. While 
353 the vitamin is highly soluble in alkaline media (pKa 3.46), its solubility decreases in acid 
354 environments (Gazzali et al., 2016). Therefore, the results observed in the present study 
355 suggested FA might be released from nanolaminates at pH 7 due to its high solubility, whereas 
356 at pH 3 the vitamin was maintained in the structure regardless the incubation time, probably 
357 forming insoluble complexes within the nanolaminates. In concordance with our results, it has 
358 been previously described that the pH greatly affects the release of a drug (dipyridamole) loaded 
359 in poly(methacrylic acid) microspheres and protected with alginate-chitosan coatings. In this 
360 study, the greater drug release from the nanostructures in acid conditions was ascribed to the 
361 high solubility of the compound (Li et al., 2014). Overall, these results indicate that the 
362 solubility of the active substances entrapped within the nanolaminates may determine their 
363 release rate, being a promising approach to control the delivery of nutraceuticals in the 
364 gastrointestinal tract.
365 4. CONCLUSIONS
366 The results obtained in this work demonstrate the feasibility of alginate-chitosan nanolaminates 
367 obtained by the layer-by-layer technique as delivery systems of FA. It was established that FA 
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368 loading is highly dependent on the initial concentration of FA solutions as well as the 
369 immersion time. The maximum loading in films was observed at 10 mg/mL FA solution and 
370 after 120 min of immersion. The FA entrapment in nanolaminates could also be confirmed by 
371 Raman spectroscopy and suggested a homogeneous distribution of the vitamin. Alginate-
372 chitosan nanolaminates were also able to protect FA from degradation by UV irradiation and the 
373 release profiles were affected by pH conditions, showing a greater release at pH 7. This suggests 
374 that FA-loaded nanolaminates might exhibit a controlled release in the gastrointestinal tract, 
375 presenting a scarce release at the stomach, but a burst released in the pH conditions of the small 
376 intestine, where it is supposed to be adsorbed. However, further research should be carried out 
377 using in vitro or in vivo digestion models and apply nanolaminates on food matrices. The results 
378 demonstrate that edible nanolaminates might be proposed as promising candidates for delivery 
379 of nutraceuticals with potential applications as active edible coatings in the food sector.
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Fig. 1. UV spectra of alginate-chitosan nanolaminates as a function of the number of deposited layers (L).
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Fig. 2. Infrared spectra of bare PET sheets (PET) and PET coated by alginate-chitosan nanolaminates of 20 
layers (PET 20 L).
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Fig. 3. UV-visible spectra of 20-layer alginate-chitosan nanolaminates before and after FA encapsulation, 
using loading solutions at 5 mg/mL. Inset plot corresponds to the absorbance spectrum of FA solution at 
pH 9.
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Figure 4. (A) Effect of FA concentration of the loading solutions (1-12.5 mg/mL) on the final FA content 
into nanolaminates. The immersion time was set to 30 min. B) Effect of the immersion time (1-240 min) 
on FA content within nanolaminates. The FA concentration of loading solutions was set to 12.5 mg/mL.
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Fig. 5. A, B) Topography and C, D) cross-sectional view of alginate-chitosan nanolaminates before and 
after FA encapsulation.
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Fig. 6. A) Raman spectra of a PET sheet (PET) and PET coated by 20-layer nanolaminates containing FA. Inset plot 
corresponds to the Raman spectra of powdered FA. B) Changes in intensity of the FA band at 680 cm-1 along the cross-
sectional area of nanolaminates. Inset plot indicates Raman spectra recorded in the cross-sectional area of nanolaminates at 
different measurement distance.
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Fig. 7. (A) Normalized absorbance spectra of folic acid (FA) solutions and (B) alginate-chitosan 
nanolaminates containing FA irradiated with UV-light at different exposure times (0-120 min). The FA 
concentration in both the solutions and the nanolaminates was 91 μg/mL. 
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Fig. 8. Release profiles of folic acid (FA) from alginate-chitosan nanolaminates incubated at different pH 
conditions (pH 3 and pH 7) and 37ºC. The initial FA concentration in the nanolaminates was 91 μg/mL.
0 5 10
0
10
20
30
40
50
60
70
80
90
Time (min)
